Abstract The design aspects for building a megasonic reactor for separation of food materials from liquid/liquid or solid/liquid mixtures are presented in this review. These aspects are based on the theoretical principles of acoustic particle manipulation such as the acoustic primary and secondary radiation forces, acoustic streaming and the properties of food materials. Key considerations for the design of megasonic reactors are reviewed, which include the transducer selection, positioning and alignment, as well as construction materials and geometry of transducers and reactor. The design of these reactors is discussed around various food applications including palm oil separation, milk fat separation and fractionation, yeast separation in fermentation processes and separation of microalgae.
Introduction
Megasonic separation is a technology that uses high-frequency ([0.4 MHz to several MHz) acoustic standing waves as the driving force to separate food droplets and/or particles suspended in fluids. The positioning of individual droplets or particles on pressure nodes or antinodes within the reactor may cause them to agglomerate or coalesce into larger entities rapidly. Increased particle sizes promote flotation or sedimentation and therefore enhance the predisposition of material mixtures for separation.
The term ''megasonics'' was coined by manufacturers of high-frequency ultrasound transducers for cleaning of fragile surfaces or structures (e.g., in the semiconductor industry). This term was introduced to differentiate the technology from the negative perception associated with low-frequency ultrasound horns and baths where violent cavitation bubble collapse leads to the damage of such fine structures. Similar to cleaning applications, the term ''megasonic'' is hereafter used to distinguish this separation technology from low-frequency ultrasound application in food processing, as there is a need for gentle separation processes without violent bubble collapse.
Conventional food separation processes include centrifugation, sedimentation, chromatography columns, membrane filtration units and chemical-induced flocculation. However, these separation processes bear a number of disadvantages including: (1) high energy consumption in the case of centrifuges and membranes; (2) excessive shear that may damage the integrity of the product in the case of centrifugation; (3) product fouling in the case of membranes; (4) low separation rates in the case of membranes and chromatography separation; and (5) use of chemical materials in the case of chromatography (e.g., excessive salt production) and flocculation.
Megasonic separation can be used alone or combined with these technologies to further enhance process efficiencies. Table 1 compares the advantages and disadvantages of conventional separation technologies with a megasonics intervention. Note that chromatography allows for the separation of solubilized liquid-liquid mixtures and hence is not directly replaceable or combinable with megasonics.
Three main classifications, where the application of megasonic separation is likely to be useful in the food industry, are envisaged. The first is flocculation enhancement, whereby the application of the sound waves dramatically enhances the rate of separation and hence reduces the chemical requirement and environmental footprint of conventional separation processes such as flocculation and sedimentation. The second classification is based on the predisposition or pretreatment of food material that is of a heterogeneous nature, such as those containing solids, liquids and liquid product trapped in solids. This not only enables potentially higher recovery of product from the solid phase, but also reduces potential energy requirements, through faster and more efficient separation in downstream processing, in comparison with centrifugation. Finally, the choice of megasonic separation parameters can be tuned to selectively remove particles of a particular size. It can therefore be a useful tool for the fractionation of materials such as fats, proteins, carbohydrates and fibers within a product stream to provide fractionated streams with higher nutritional or structural benefit. Megasonic fractionation may be complementary to existing membrane separation processes.
To date, megasonic separation has only limited applications at large scale and no food application has optimized the design of reactors at commercial scale. A recent review describes the state of the art of the technology in terms of its application across various industries [47] . However, there is a need for a more specific discussion of reactor configurations and design characteristics required to make this technology suitable for commercial applications in the food industry. Understanding the design and its impact on the separation performance is essential for scaling up and optimizing the application of megasonics for separation. The aim of this work is to provide a detailed overview of the different design aspects of megasonic reactors relevant for applications in the edible oil, dairy, biomaterial industries and for effluent treatment. 
Megasonic Separation Principles
Piezoelectric transducers are used to generate ultrasonic harmonic vibrations when applying an alternating sinusoidal current at frequencies above 20 kHz. The perturbation produced in the transducer generates acoustic waves that move through the chamber's structure and through the fluid medium inside the chamber. When a fluid is perturbed, the balance between the compressibility and the inertia of the fluid generates pressure waves, which are compressions and rarefactions that move and transport acoustic energy and momentum [36] . When ultrasound is transmitted inside the chamber, and the walls of the chamber act as reflectors, the superposition of the incident and reflected wave can form standing waves. The planes or regions where the superposition is destructive, i.e., cancel each other, are called nodes. The regions where the superposition is constructive are called antinodes. This is where maximum pressure amplitudes are reached. Suspended particles and droplets within the fluid experience the so-called primary acoustic force that moves them toward the pressure nodes or antinodes of the standing wave, depending on the material properties. When particles and/or droplets are moved together, they form bands where they may aggregate or coalesce. Then, due to the increase in hydrodynamic radius, buoyancy forces can separate the phases at a faster rate of sedimentation and/or flotation. Phase separation of suspended particles and recovery of micrometer-to-millimeter liquid droplets within emulsions are of great importance in many food, biological, pharmaceutical, chemical and petrochemical applications [57] .
Primary Acoustic Radiation Force
When an ultrasound standing wave (USW) field is sustained in a medium containing a suspension of particles or droplets, the wave can be partially scattered by the particles if there is an acoustic impedance mismatch between the fluid and the material of the particles. The scattering of the wave will produce the so-called primary acoustic radiation force. This force moves particles and droplets to either the node or antinode of the standing wave depending on the sign of the acoustic contrast factor [c.f., Eq. (1)], which is a function of the density and compressibility of particles and the surrounding medium. The contrast factor shows whether there is acoustic impedance mismatch between the fluid and either the particles or droplets and can be calculated using:
where q is the density, b is the compressibility, and the subscripts l and p refer to the liquid medium and the particles, respectively [82] . Particles move toward the pressure nodes of the standing wave when the contrast factor has a positive sign and toward the pressure antinodes when the contrast factor has a negative sign. For food systems, solid food particles in aqueous media with high specific density are moved toward a pressure node while food droplets with low specific density, such as emulsified food oils, are moved toward the antinodes. Figure 1 shows a halfwavelength resonator where a single pressure node is formed in the center of the channel. Acoustic radiation forces are a second-order time-averaged effect responsible for the acoustic motion of particles and droplets within a USW field. They have been studied extensively, dating back from the work of King [35] who studied the behavior of spherical incompressible particles in acoustic fields. Yosioka and Kawasima [82] extended the work of King calculating the acoustic forces for compressible particles in planar acoustic waves as
where r is the particle radius, k ¼ 2p k the wave number, k the wavelength of sound, E ac the specific energy density, x the distance from a nodal point of the standing wave, and / the acoustic contrast factor. Gorkov [24] generalized the work of Yosioka and Kawasima calculating the acoustic forces for compressible particles subjected to any acoustic field. Following Gorkov's approach, the acoustic radiation force F ac can be obtained from the acoustic force potential U ac as [8] :
where the acoustic force potential has been derived by Gorkov [24] as:
j and q are compressibility and density, while the subscripts l and p stand for ''liquid'' and ''particle'' (droplet or a solid particle), respectively. The terms p
The ability to separate food particles from the bulk fluid phase also depends on the applied frequency and amplitude level of the ultrasound used. The size of the food particles in question influences the selection of these parameters. Separation is not possible or very difficult if either the frequency or acoustic intensity is too low to manipulate particles which have a very small particle size. For example, the manipulation of sub-micrometer polystyrene particles, which had a diameter of 0.5 lm, was demonstrated by using a very high frequency of 40 MHz [81] . Another way to manipulate small particles is by using seeding particles [5] or a flocculating agent that promotes particles to stick together.
Other Particle Forces: Bjerknes, Buoyancy and Drag When particles are displaced to either nodal or antinodal planes, there are forces that act over short distances called ''secondary acoustic forces'' or ''Bjerknes forces.'' These forces tend to attract particles together within the plane. Bjerknes forces are originated by the scattering of sound off neighboring particles [10, 54] . The direction of these forces depends on the angle between the distance vector separating two particles and the direction of the sound field. Generally, these forces attract particles to one another in nodal or antinodal planes.
Once particles or droplets are grouped together on a plane, they may flocculate into bigger aggregates or coalesce into larger droplets. Cluster of particles or larger droplets can flocculate or cream at a faster rate if there is a density difference between the liquid medium and the material of the particle or droplet. This is due to buoyancy or gravitational force as follows:
where g is gravity. Particles moving in a viscous liquid will experience the Stokes drag force F Drag . For small particles, it is reasonable to neglect the particles' inertia and to assume that they are always moving in a local steady state [13] . For low Reynolds number, the drag force F D is given by Stokes Law as:
where g is the viscosity of the fluid, v l is the velocity of the fluid, and v p is the velocity of the particle.
Acoustic Streaming
Acoustic streaming is the time-independent flow generated by the attenuation of an acoustic wave. This is an important factor for acoustic separation technologies because streaming exerts drag and shear on particles, influencing their behavior and movement within an acoustic field [68] . Typical effects of acoustic streaming on particle manipulation by acoustic radiation force were explained by Spengler et al. [70] . Spengler's study of yeast cells manipulated in an ultrasound chamber detailed observations of cell motion with changing patterns and velocities over time that caused cells to be dragged around the chamber by streaming. In largescale applications, streaming can be severe and override the acoustic radiation forces, disturbing or even eliminating the formation of particle bands. Acoustic streaming is caused by the attenuation of the sound field. Wave attenuation can be caused by viscous attenuation in the medium, scattering on particles, droplets or bubbles, or friction between a vibrating wall and the surrounding fluid. Zarembo [83] considered three main types of acoustic streaming: (1) Eckart streaming, (2) Rayleigh and (3) boundary-layer Schlichting streaming. The latter two are considered microstreaming because the length scale is of the order of magnitude of a wavelength for the case of Rayleigh streaming and orders of magnitude smaller than a wavelength for the case of Schlichting streaming. Eckart streaming, on the other hand, is a largescale streaming because the length scale of this flow pattern is significantly greater than the wavelength. Fig. 1 Halfwave resonating chamber where particles with positive contrast factor will be collected at the pressure node under a standing wave field [20] with permission from the Royal Society of Chemistry Food Eng Rev (2015) 7:298-320 301
Schlichting streaming is a boundary-layer-driven acoustic streaming, arising from the friction between the vibrating fluid medium in contact with a solid wall or vice versa and vibrating wall in contact with a fluid. This effect is confined to a thin viscous boundary layer (called the shear-wave layer or the Stokes layer) [62] . Once the Schlichting streaming is established within the boundary layer, it provides a strong force for driving streaming at the outer region. In the case of standing waves, the streaming that occurs at the outer region between pressure nodes and antinodes is called Rayleigh streaming.
Eckart streaming is due to the attenuation of the acoustic energy along the bulk of the fluid. When the medium attenuates the wave, a proportion of the acoustic energy is absorbed by the fluid heating it up. The viscous acoustic attenuation coefficient for a plane sound wave was derived by Stokes as:
From Eq. (9), it can be seen that attenuation is proportional to kinematic viscosity, m, and to the square of the frequency, f. This means that streaming effects tend to become more intense with increasing frequency. In highpower ultrasonic operations, there is a formation of a fast jet streaming called ''Stuart'' streaming. According to Lighthill [49] at higher powers, Stuart streaming takes the form of an inertially dominated turbulent jet.
Design Considerations
Few publications mention the design considerations for large-scale megasonic separation systems [31, 46, 76, 77] . However, the design aspects of microfluidic separation devices have been extensively described in the public domain and hence will not be revisited in detail in this present review. Readers interested in design aspects and scaling laws in microchannel continuous systems are encouraged to read the reviews by others [13, 26, 28, 45, 68, 69] .
For large-scale food processing using megasonic separation, the important considerations include: the transducers to be used for separation, the reactor construction materials, the positioning, arrangement and alignment of transducers within a reactor, as well as the food material to be separated. These aspects will be covered in detail in this section and are summarized in Tables 2 and 3 . In some transducers, a resin is used to attach the piezoceramics to the transducer housing and this material is usually temperature sensitive. This can in principle be overcome by using other adhesive materials such as solder. Sudden changes in temperature (e.g., a 30°C difference) occurring during filling with a hot fluid or flushing a high-temperature system with cold water for washing should be avoided to minimize the risk of damaging the piezoceramics. Higher temperature operation can be achieved by either internally cooling the transducer with gas or placement of a transmission plate on the wall of the reactor in such way that the transducer is not in direct contact with the treated fluid. This second option requires a cooling liquid flowing between the transducer and the transmission plate. Transducers are available in a range of sizes as shown in Table 2 , but manufacturers can also tailor dimensions according to the reactor requirements.
Megasonic Transducers

Reactor Materials
The materials to be used for the reactor construction must be (a) food grade and, therefore, resistant to corrosion, (b) sufficient to withstand a range of operating temperatures and (c) not susceptible to cavitation damage. The most suitable material that satisfies all these criteria is stainless steel, of which there are various grades. The most common grade is S304 stainless steel, which is resistant to most food processing environments. Austenitic grades of stainless steel alloys, such as S316, are preferred by some manufacturers of megasonic transducers as they offer better resistance against mechanical damage and can also be used for the entire reactor, particularly when additional mechanical, heat and cryogenic resistance is required. In the application of high-frequency ultrasound, one must also consider the potentially strong redox environment caused by the generation of radicals from ultrasound application [51] . As such, it is highly recommended that a stainless steel alloy is utilized with greater resistance to mechanical and radical-induced corrosion. The wall thickness should be designed so that sound pressure wave reflection is maximized, if possible, by using an odd multiple of a quarter wavelength [25] . This maximizes the phase shift of the sound pressure wave in the wall to 90°and therefore maximizes reflection.
All joints should be welded and smooth, to avoid regions where food material can accumulate. Particular attention should be given to the section where transducers are mounted to the reactor walls. Where possible, transducers should be mounted external to the processing region or made part of the reactor wall itself, to allow for easier cleaning. If transducers are mounted externally, a coupling medium (e.g., water) between the transducer surface and a transmission plate [25] , which forms part of the reactor wall, is required. This avoids direct contact with the food material (see Fig. 2 ).
The transmissibility of sound through the transmission plate must also be taken into consideration. For example, the thickness of the stainless steel transmission plate influences the acoustic pressure transmittance through the reactor. As a rule of thumb, optimal transmission of the acoustic pressure can be achieved when the transmission plate has a thickness of a multiple of a half wavelength of the frequency used for the respective transmission plate material [45] . This is because maximal transmittance can be achieved when the phase shift across the transmission plate is minimal. For example, at a frequency of 1 MHz, the wavelength of the acoustic wave in stainless steel is k ¼ 5790 m=s 10 6 1=s % 5:8 mm.
Therefore, good transmission of an incident acoustic wave can be achieved when the transmission plate has a thickness of 2.9 mm or an integer multiple.
Standing Wave Generation
The effectiveness of the separation is underpinned by the ability to generate a stable, strong acoustic standing wave field inside the separation reactor. The important considerations required for successful standing wave generation and effective separation include the energy density, quality factor, distance of separation between the transducer and reflector and the number of pressure nodes/antinodes within the confines of the separation region.
Energy Density and Quality Factor
The quality factor (or Q-factor), determined from the electrical impedance spectrum [63] , is an important property in resonating systems such as standing waves. It represents the ratio of acoustic energy achieved in the resonator to the power applied to the generator. This factor is especially relevant in microfluidic devices for estimating the acoustic energy density [see Eq. (10)] [80] and can be considered in the design of larger-scale separation reactors. In front of reflector Transducers can be either: (a) submerged inside the reactor, (b) directly flanged to an opening in the reactor wall, or (c) mounted externally by using a transmission plate with a specific thickness (multiple of a half wavelength) in a section of the wall-a coupling medium between the transducer surface and the transmission plate (e.g., water) is needed Single, parallel, perpendicular arrangements to be considered Single frequency or combined frequencies Reactor combination Parallel megasonic intervention steps may enhance product throughput or achieve particle fractionation where P is the active power consumption, and the quality factor, Q, is at the frequency f [17] . The power consumption can be determined from the online active power meter integrated with the ultrasonic power supply. The Q-factor is influenced by parameters such as the transducer-reflector distance. A higher acoustic energy density generates a stronger acoustic radiation force [see Eq. (2)] and hence is expected to enable more rapid particle separation.
Transducer-Reflector Distance
The maximum effective distance to achieve a constant standing wave field upon reflection is limited by the attenuation of the sound wave in the fluid medium. Higherfrequency ultrasound is more strongly attenuated and have shorter effective distances to establish a working standing wave field, compared with lower-frequency ultrasound. This is a critical design consideration, as separation with high frequencies will not operate effectively if the incident sound wave becomes attenuated before it can be reflected by the opposing wall. For example, in the work by Leong et al. [46] , transducer-reflector distances greater than 85 mm were less effective in achieving skimming of milk when using dual 1-and 2-MHz-frequency ultrasound. The implications of these limitations on vessel designs will be discussed in ''Vessel Size'' section.
Number of Nodes/Antinodes
The number of pressure nodes and antinodes within the standing wave generated is dependent on the distance between the sound source and reflector, the reflector thickness, as well as the frequency. The higher the frequency and the greater the distance to the reflector, the larger the number of available sites (nodes/antinodes) for food material to accumulate. It is worth noting that the spacing between each node and antinode is a quarter wavelength of the ultrasound frequency. The pressure difference between node and antinode is power dependent and therefore will influence the separation effectiveness.
Transducer Alignment
Two types of alignment need to be considered in the positioning of transducers within the reactor to generate standing waves: (a) the positioning of the transducer and reflector arrangement with respect to the direction of material flow inside the reactor, either horizontally or vertically, and (b) the alignment of multiple transducers in parallel or perpendicular reactor walls. A perfectly parallel alignment between transducer and reflector/transducer may not be suitable due to potential transducer damage.
Horizontal Versus Vertical Alignment of the Material Bands with Material Flow
A vertical or horizontal alignment refers to whether the transducer or reflector is positioned in a way that the nodal/ antinodal bands that are formed are aligned in the vertical or horizontal plane (see Fig. 3 ). Where gravity is a necessary mechanism for enhanced separation (i.e., product collects at the top or bottom of the container), a vertical alignment is more amenable to separation since once product is aggregated to a sufficient size, the product can sediment or rise rapidly due to buoyancy. A horizontal alignment, however, hinders this natural rise/fall since product must pass through aligned bands that can ''trap'' the aggregated material prior to eventual rising/falling beyond the active processing region [46] . Applying ultrasound in pulses can intermittently release product trapped in the horizontally aligned bands, but decreases the energy input to the system per unit time.
Parallel Versus Perpendicular Multiple Transducer Arrangement for Enhanced Energy Density
This design criterion is considered only when using multiple transducers to increase the density of the energy input, thereby accelerating particle accumulation and hence separation. In this case, the transducer plates can be arranged facing each other (parallel) or orthogonal (perpendicular) and either position has been shown to be effective [33] . Parallel alignment can be envisioned to be more likely to achieve effective superposition when using identical frequency (or wavelength multiple) transducers. Perpendicular alignment may create more regions where particle accumulation can occur. An issue to consider when deciding which alignment is most suitable is the optimal penetration distance of the frequency used for separation. For frequencies [1 MHz, separation distances [85 mm may become less effective for separation due to attenuation and increased acoustic streaming, as evidenced in reduced effectiveness of milk fat skimming [46] .
Here, the minimum transducer-reflector distance is the width of the reactor, which must be designed to fit the transducers. Parallel alignment has the advantage of allowing close positioning of the transducers when facing each other. Very short transducer-reflector distances, or in this case transducer-transducer distances, can be realized even with large surface area plates when using a parallel alignment. The use of parallel transducers has been shown to work at batch scale, although additional adjustments may be needed to avoid direct sound radiation into the transducer, which may cause damage to the piezoceramics due to excessive heating. If the transmission plates are adjusted externally as discussed earlier, they may be able to achieve a durable system for continuous processing.
A perpendicular alignment on the other hand is limited by the size of the transducer. Large transducers will increase the width of the reactor. In some cases, this distance may be too large to allow for sufficient sound penetration due to sound wave attenuation (e.g., if high frequencies are used). This limits the effectiveness and efficiency of the separation.
Reactor Geometry and Volume
The geometry of the reactor is dependent on the alignment and placement of transducers in the vessel. This governs the possible cross-sectional geometry of the reactor and maximum size of the reactor.
Cross Section
The cross section of the reactor vessel should consist of an even number of side edges, i.e., square/rectangular/hexagonal, to maximize the standing wave generation. Higher number of sides increases the number of transducers and hence potential energy delivery and cost investment to manufacture the system. Some less common resonator geometries are cylindrical, hemispherical and confocal resonators [58] , which are more difficult to realize in largescale systems.
In large reactors, the transducer size will determine the cross section. Transducers are generally costly and therefore have a significant weight on capital investment for this process. Therefore, the cross section should be designed such that the number of transducers required is minimal. Nevertheless, in continuous operations, the flow of product desired for the process will also play a role to dictate the type of cross section needed to achieve a certain residence time [47] . From an energy consumption perspective, a minimal residence time is more desirable which can be achieved by implementing a higher flow rate or increasing the cross-sectional area. To enhance the extent of separation, the placement of a greater number of transducers across a longer reactor can be realized. If smaller transducers are available, cross sections with more than four faces are possible.
Vessel Size
The vessel size is dependent on frequency and power. For continuous/semi-continuous systems, the material flow rate and residence time in the reactor also play a role in these design criteria. Lower-frequency transducers have higher penetration through a fluid medium and hence can facilitate larger vessel designs. This behavior can be seen in the change in pressure, along the center of an acoustic chamber for 400 kHz (50 % nominal power) and 2 MHz (50 % nominal power), reported relative to the pressure measured at a distance of 55 mm from the surface of the transducer (Fig. 4 , unpublished data). As can be seen, there is a faster decrease in pressure with distance for the higher-frequency transducer. In this case, pressure declines approximately 40 % at a distance of 155 mm from the transducer surface compared with that measured at 55 mm. By comparison, the 400-kHz transducer penetrates through a much larger distance through the fluid before a significantly pressure decline can be seen.
Increasing power may allow for further penetration of the sound wave and, hence, generation of standing waves in larger vessels. However, as mentioned in ''Acoustic Streaming'' section, acoustic streaming, which increases with power, must also be considered since it can disrupt the separation process. The magnitude of this phenomenon exacerbates with both power and frequency.
Where high frequency is used for separation process, a more effective way to increase volume throughput is to ''scale-out'' by increasing the number of transducers rather than increasing the size of the reactor unit. However, this may be limited by the investment costs as it requires a greater number of transducers.
Mode of Operation: Batch Versus Continuous
Megasonic separation is amenable to operation modes ranging from batch to fully continuous operation [47] . The choice largely depends on the outcome desired from the separation. For example, fully continuous operation enables high-throughput product predisposition, whereas batch separation enables more control of final separation products which may be advantageous for certain applications, e.g., in ''fractionation'' type processes. Some of the key design questions to consider in designing a reactor for either batch or fully continuous operation, such as product collection and process controls, are outlined. The principles would be similar in semi-batch and semi-continuous flow separation processes.
Batch (Single Unit)
Batch reactors are relatively straightforward to design and operate, and likely to be the first step toward developing a scale-up process for any potential food application. These reactors will inevitably consist of a large fixed processing volume where standing waves are established. The food material to be separated will be loaded into the interrogation volume, processed and then removed. High-density materials will sediment to the base of the reactor, and lowdensity material will rise to the top of the reactor by buoyancy. Inlets and outlets located strategically to maximize product recovery after separation are necessary to ensure efficient product collection. The duration of processing will be determined by the used energy input, volume processed and the rate at which collected food material will separate by buoyancy or sedimentation. One of the possible advantages of batch separation is that the extent of separation can be carefully controlled for a given batch of food material.
Continuous Flow
The design of continuous systems is more challenging to implement and operate since forces arising from product flow must be balanced with the acoustic forces during separation, but enable potentially higher throughput separation. Whereas microscale systems can implement flow-split devices to harvest product [47] , large-scale food systems consist of multinodal arrangements that make this impossible. Instead, over-flow and under-flow devices are the most amenable method to collect product. High-density material will collate at the bottom of the reactor and can be intermittently swept through the under-flow area of the chamber. Low-density material will float to the top, and will, by slow flow motion, be displaced to an over-flow collection area. Carefully designed control systems must be put in place in order to maintain product quality (i.e., target concentrations for the separation process). For example, parameters such as energy input or rate of product flow can be adjusted depending on the separation achieved at the outlets. The rate of product flow, however, must be below a certain Reynolds number to ensure laminar flow (which is dependent on the cross section of the flow area). For cylindrical pipes, this value is *2000. Flow regimes which are turbulent are not suitable for megasonic separation, since mixing of the product will occur in such situation, preventing effective separation.
Care must also be taken when increasing energy input, as this must be balanced with cooling to avoid excessive increase in temperature that may impact the quality of the product. To an extent, dramatic changes in the temperature can be minimized by ensuring that the incoming raw material is preheated to a consistent temperature and is of a consistent composition.
Continuous flow megasonic separation will be a useful addition to existing processing operations, where the predisposition or pretreatment of product prior to a downstream separation unit will provide a benefit in recovery of a high-value material post-decantation or centrifugation. In this situation, the applied megasonics serves to initiate agglomeration and/or coalescence of suspended food material, as well as enhance the extraction of product that may be trapped in solid raw materials. This intervention enhances the rate at which the downstream process achieves separation and also increases the recoverable yield of the food material. One example, in which such an operation has been proven useful, is in the palm oil milling industry, where the predisposition of material enhances the recoverable oil from the plant mesocarp [31] .
Food Material Considerations
The influence of food material properties on reactor design is discussed in this section. Further details on how these properties can be estimated are discussed in ''Acoustic Properties of Food and Reactor Materials'' section. The food material in most cases will consist of a continuous food phase (usually liquid) and a dispersed food phase (solids, liquids or both). The dispersed food material will be either (1) less dense than the surrounding medium or (2) denser than the surrounding medium. This will define where they accumulate in the standing wave and also where they will be collected after separation.
Less dense particulates are those such as lipid in water emulsions. Examples include palm oil and milk fat. These particulates collect at pressure antinodes [32] . After accumulation, they will tend to float to the surface of the separation vessel by buoyancy.
More dense particulates are composed of mostly solid type materials such as plant cell matter, bacterial and blood cells, or denser liquid phases. These will collect at pressure nodes and separate to the bottom of the reactor vessel by sedimentation.
Megasonic separation is also capable of separating materials that have little or no difference in density, provided they differ in their compressibility [see Eq. (1)]. However, in this situation, the material may be less susceptible to rising or sedimenting by gravity, so extra steps must be used to initiate separation. One possible method to collect separated material with little difference in density is by use of frequency sweeping [27, 72] . Here, frequency is ramped continuously such that the location of nodes or antinodes where the food material collects gradually shifts toward the surface of the reflector.
Generation of Free Radicals
The energy release from ultrasound-induced cavitation can lead to the formation of free radicals [22] , which should be considered when designing a megasonic reactor. In aqueous medium, the primary radicals formed are H and OH radicals. These radicals can be quantified by various techniques, such as colorimetry (see ''Peroxide Method: Determination of Radical Formation'' section).
These species are highly reactive. They can precipitate a range of redox-type reactions that can detrimentally (or advantageously in some cases) modify food [18] . Studies have highlighted the impact of radicals generated by ultrasound to fats [34, 59] , protein [79] and antioxidant compounds such as vitamins [67] . These components are particularly important as they play a significant role in the flavor and nutritional aspects of food. Bitter, rancid and metallic flavors [59] for example can arise from oxidation of fats, when high specific energy has been applied ([2000 kJ/kg).
It is known that there is an optimum frequency in the 400-800 kHz range [41, 50] , where radical formation is at a maximum. This optimum frequency arises due to a balance between number of active cavitation bubbles and bubble collapse intensity. For frequencies higher than this optimum range, the amount of free radicals produced declines since the bubble collapse occurs with lower energy [3] .
Incidentally, the optimum frequency for radical production also resides within the range of frequencies that are suitable for megasonic separation. It should be noted, however, that the radical production is also dependent on the applied power and duration of application [3] . A low power input and/or short duration of sonication can reduce the amount of radical production even when operating within this optimum frequency range.
For food products which are particularly sensitive to oxidation, it is recommended that ultrasound with a frequency that is higher than the range for optimum radical production be selected to achieve the separation, i.e., [1 MHz. Issues arising from the use of higher-frequency ultrasound (see ''Standing Wave Generation'' section) must also be taken into consideration.
The specific energy and/or duration for which the ultrasound is applied to the food material should be limited such that the separation can be completed without over processing the food material. If required, further interventions such as degassing (see ''Degasser'' section) can be employed to reduce the number of dissolved gas nuclei in the system and hence limit the number of cavitation events from occurring in the system. For some food systems, radical quenching additives such as ethanol and ascorbic acid [3] can be applied.
Additional Features
In general, design features for a megasonic food separation unit should comply with the standards for designing conventional food processing units. Important features that should be considered and implemented in a megasonic separation device are described here. These include sight windows, selected pumps, degasser systems and cooling systems.
Sight Windows
Sight windows should be included in the reactor design in order to facilitate observation of effective separation and to troubleshoot any potential problems that may occur in the process. The material of the sight window has to be transparent, resistant to food processing environments and be easy to clean. The most suitable material for this, from an ultrasound processing perspective, is glass, since polycarbonate-type material can be damaged by acoustic cavitation. However, depending on frequency, energy intensity and window location, polycarbonate materials may be the better choice as glass should be avoided in food-grade operations.
Pump Selection
Pumps need to be selected according to the food material processed, as in conventional food manufacture. Centrifugal pumps are suited for less viscous material such as liquid beverages, while positive displacement pumps are used where food material is highly viscous, such as slurries and jellies.
Degasser
The presence of air in the food material during megasonic application may initiate acoustic cavitation [44] . Cavitation can negatively affect the efficiency of generating standing waves (see ''Speed of Sound'' section) and may impact on the quality of the product by generation of oxidative radicals [34] , leading to oxidation of food materials like fats and proteins. A degasser, such as a vacuum pump or tank, can be used to reduce the gas content of the raw material prior to megasonics application. Degassing could occur in the raw material storage itself. The dairy industry, for example, normally degasses milk inside storage silos prior to further processing to reduce the possibility of lipolysis, which is amenable for the technology.
Note that pumping and further processing will reintroduce air back into the material which will increase the likelihood of cavitation events. Hence, in processes where the flavor profile is highly sensitive to oxidation, degassing should be incorporated just before the product enters the separation reactor to reduce the concentration of air resultant from upstream processes.
In milk systems, the application of ultrasound of frequencies [400 kHz has been shown by Juliano et al. [34] to significantly change the flavor-related volatile profile of the product only when long duration sonication ([20 min) or high specific energy ([230 kJ/kg) is applied. In pasteurized cheddar cheese whey, a similar study by Torkamani et al. [73] showed sonication resulted in no significant lipid oxidation.
Cooling System
Application of megasonics to the system may lead to an increase in the temperature of the food material as heat is generated in the transducer. Inefficient conversion of electrical energy into mechanical energy leads to heat generation in the piezoceramic components and the transducer housing. Furthermore, attenuation of sound waves in the fluid may also lead to an increase in the fluid temperature itself in addition to heat conduction from the transducers [29] . The extent of the temperature increase is dependent on the transducers' power consumption and the flow rate/residence time of the fluid. In applications requiring batch or slow flowing (i.e., high residence time) reactors, a cooling control system should be designed to limit any excessive temperature rise. The cooling system should not disturb the sound field. A reactor with a cooling jacket is an option, although it may not be particularly efficient if the reactor is large and large flow rates are to be processed. As mentioned earlier, low temperatures in the transducer can be maintained by either placing the transducer externally with a cooling water layer between the transducer and a transmission plate mounted to the reactor wall, and/or by flowing cool air inside the transducer.
Acoustic Properties of Food and Reactor Materials
Various material properties have to be considered for reactor design because they impact on the acoustic contrast factor, absorption or attenuation of the acoustic waves, and also the reflection and transmission of the acoustic waves at the food material/reactor boundary. These properties include the speed of sound for both food and reactor materials and the sound attenuation coefficient for liquids or liquid-solid mixtures. The density is another important property that has been extensively covered in the literature.
Speed of Sound
The speed of sound is the rate at which an acoustic wave travels through a fluid. For liquids, the speed of sound can be expressed as:
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where b is the adiabatic compressibility. The compressibility and density, and hence speed of sound in the liquid, depend on the equilibrium temperature and pressure. There is no simple theory for predicting these variables, and their dependence must be measured experimentally; the resulting values are usually expressed as empirical equations [65] . As any other thermodynamic property, the speed of sound is a function of the mixture composition.
In non-dispersive media, acoustic waves travel at the same speed of sound regardless of frequency [44] . However, food emulsions tend to consist of a secondary phase dispersed within a continuous phase, and in this situation, i.e., in a dispersive medium, the speed of sound can vary with frequency [52] . In the ideal case, i.e., a non-scattering two-phase system, the volume average values for compressibility and density can be used [53] :
where / is the disperse phase volume fraction, and the subscripts l and p, as before, represent the continuous and dispersed phases, respectively. Then, the mixture values of b and q can be used to calculate the speed of sound. More realistic approaches include the effect of sound scattering, a deviation or reflection of sound at the phase boundary. The two most important sources of sound scattering, in the long wavelength limit (particle radius of dispersed phase r ( k wavelength of ultrasonic wave), are visco-inertial and thermal scattering [53] . Visco-inertial scattering is due to differences of density between the phases, whereas thermal scattering is due to differences in compressibility, heat capacity and thermal diffusion between the phases. The presence of bubbles (i.e., dissolved air) can influence the speed of sound in liquids. For example, the speed of sound of a bubbly liquid may decrease from 1500 m/s (in the case of pure water) to 20 m/s, which is even less than the velocity of the speed of sound in air (340 m/s) [64] . The presence of gas is also particularly important for systems which will experience cavitation, which is the formation of bubbles generated by pressure changes during the propagation of high intensity ultrasonic waves in liquids. As mentioned in ''Degasser'' section, a degasser positioned in the process line can largely eliminate such problems.
Sound Attenuation Coefficient
As a sound wave propagates through a medium, energy is lost by various means. This process is called attenuation.
The attenuation coefficient represents the damping of the initial pressure amplitude P 0 of an ultrasonic wave propagating along a distance r [43] :
The sound attenuation at ultrasonic frequencies in a pure liquid is caused by absorption mechanisms that convert energy from the ultrasonic wave into heat [53] . In liquid, the most important mechanisms are viscosity, thermal conduction and molecular relaxation. Viscosity transforms the fluid kinetic energy of motion into heat. Hence, viscous losses occur when there is a relative motion between adjacent portions of the fluid upon passage of sound waves. The temperature of the fluid also increases (decreases) locally during compression (rarefaction).
For multiphase systems such as emulsions, the energy of the ultrasound wave may be scattered at the interface between primary and secondary phases. When ultrasound is scattered, the ultrasound energy is redirected away from the incident wave [52] . A first ideal approach assumes that there is no interaction between the phases. Thus, the attenuation a of a two-phase non-scattering system is equal to the volume average of the absorption coefficients:
However, in real emulsions, scattering of ultrasound has a pronounced effect on both speed of sound and attenuation [53] .
Visco-inertial scattering occurs when droplets have a different density compared to the surrounding fluid. In the presence of an ultrasonic wave, a net force causes the droplet to oscillate; the oscillation is damped by the viscosity of the surrounding fluid. In thermal scattering, differences in compressibility, heat capacity and thermal diffusion between the droplets of the dispersed phase and the continuous primary phase cause the ultrasound wave to be scattered [60] . When the compressibility of the particles differs from the surrounding liquid, the particles and the liquid expand differently under the influence of the ultrasonic wave. This difference creates a temperature gradient at the particle-liquid interface. Energy flowing at this boundary is irreversible according to thermodynamic principles, resulting in the conversion of this energy to heat [19] . The thermal scattering of dispersion is a function of the thermal expansion, heat capacity and thermal conductivity of both phases and also depends on the size distribution of the particles.
Systems containing bubbles may exhibit multiple strong scattering, which not only has a pronounced effect on the speed of sound, but also affects the overall attenuation of the sound wave. Therefore, sound fields can be strongly attenuated within a few millimeters from the source even in high-power horn reactors (*20 kHz frequency), due to the presence of cavitation bubbles [75] .
Vessel Characterization Parameters and Methods
A number of conventional and novel methods have been developed to characterize and optimize process parameters such as temperature, flow, sound pressure, radical formation and cavitation extents, which will be described in this section.
Temperature Measurement
The temperature of the food material will experience a rise in temperature due to the application of ultrasound as it becomes attenuated by the fluid medium. Mechanical energy from the sound wave is transformed to heat as it does work against the viscous forces which oppose internal motion in the medium [44] . Heat flow can also occur between compressions and rarefactions in the sound wave, and energy loss can also occur due to scattering of the sound by food material in the fluid that leads to frictional heating. Furthermore, heating of the transducer surface will occur over time which will be dissipated into the fluid.
In many food applications, elevated temperatures of processing can affect the quality of the product. It is hence important to monitor the temperature of the product while separating with high-frequency ultrasound. Thermocouples should be positioned in such a way that they do not interfere with the standing wave generation in the active processing area of the separation vessel, i.e., outside the active area. Since the separation vessel is not stirred (stirring would disrupt the separation process), more accurate monitoring of the temperature can be achieved by positioning several thermocouples outside the active processing region. Non-contact temperature measurements could also be employed such as infrared thermometry [9] that measures the emitted radiation from a source. These can be used as a non-intrusive method of averaging temperature either directed at the surface of the fluid or the reactor. Note that reflective or shiny surfaces will also measure the reflected radiation, so adjustments must be made to correct for emissivity error when measuring these surfaces.
If constant temperature maintenance is necessary, thermocouples should be used to control a feedback loop coupled with a cooling system, to maintain suitable temperatures for the food material. To maintain a suitable temperature, the challenge is to implement a cooling system in such a way that it does not disrupt the standing wave generation. Alternatively, one can reduce the residence time in which the fluid is processed by the ultrasound.
Flow Measurement
Flow meters are used to measure flow rates inside the system and establish system pressures. The percentage of product recovery can be determined by direct measurement or estimated by performing a mass balance to calculate the difference of product in the stream with respect to the raw material. Such mass balance will require the concentration values of components in streams and flow rates. The flow meters selection is, however, fundamental to obtain reliable measurements because not all types of flow meters work with all types of materials. Ex-screw press streams in oil extraction processes, for example, require mechanical rotating flow meters since electromagnetic type flow meters do not reliably read liquid-solid mixtures with high solid content. Calibration of such flow meters is a key to obtain reliable results.
Hydrophones
The acoustic pressure indicates the strength of the standing wave. It decreases with distance from the acoustic source due to the attenuation of sound and, as such, sound attenuation increases with frequency.
Hydrophones can be used to ascertain the sound pressure level in a megasonic reactor or separation vessel. Hydrophones are constructed from various different materials and come in many different shapes and sizes suited for different applications. These devices have a limited operating frequency range and therefore must be selected according to the frequency of interest. Needle-type hydrophones (Fig. 5) tend to be more suited for higherfrequency applications ([ 1 MHz), whereas broadband spherical hydrophones are better suited for lower-frequency applications (\ 1 MHz). Hydrophones may disrupt the sound field when positioned into the reactor to measure pressure levels. Hence, hydrophone measurements may not represent the acoustic pressure correctly. More recently, fiber-optic type hydrophones suited for high-frequency applications ([ 1 MHz) have been developed [56] . Their smaller surface area of the fiber-optic tip may cause less disruption to the sound field and can be less prone to cavitation damage. Such hydrophones can simultaneously measure pressure and temperature.
In USW fields, regions of higher and lower pressure exist, and so extensive sweeping of the processing volume is required to effectively map out pressure distributions. Careful control of the location and positioning of the hydrophone is necessary if precise mapping of the pressure level in the separation reactor is desired. This can be achieved by use of robotic devices that manipulate the hydrophone to scan across the x-y-z planes within the separation vessel.
Peroxide Method: Determination of Radical Formation
It is important to determine whether and how many free radicals are formed during megasonic application due to cavitation events. A methodology has been established to follow the formation of free radicals from active cavitation, through the formation of hydrogen peroxide. The colorimetric method described by Alegria et al. [1] is generally used to determine hydrogen peroxide concentrations in a water matrix media. Initially, two sets of reagents (A: 0.4 M KI, 0.05 M NaOH and 1.6 9 10 -4 M (NH 4 )6Mo 7 O 24 Á4H 2 O, and B: 0.1 M KHC 8 H 4 O 4 ) are prepared so that 1 mL of each reagent is added to a 1-cm cuvette and allowed to react for 1 min. Subsequently, test samples (1 mL) are added to the cuvette, and the mixture is allowed to react for another minute. The absorbance is measured using a spectrophotometer set at 351 nm. The peroxide concentration in the test sample is calculated using the Beer-Lambert law with a molar extinction coefficient of 26,400 M -1 /cm and a path length of 1 cm.
Cavitation Meter
As described above, hydrophones allow for the measurement of the acoustic pressure at discrete points within the reactor. Unlike hydrophones, cavitation sensors, which are used for efficiency measurements of ultrasonic and megasonic cleaning baths, measure the occurrence of cavitation events. Cavitation sensors measure cavitation intensity and by means of signal patter response allow characterizing the penetration depth, uniformity of power distribution and dissipated energy density in discrete locations within the reactor. These sensors can be based on various measurement principles, such as detecting microstreaming jets generated by imploding bubbles (ppb [61] , direct detection of pressure variations caused by collapsing bubbles [7] or the noise, i.e., the secondary acoustic emissions (frequency and intensity), induced by the bubble implosion at 400 kHz to 4 MHz or at low frequency [6, 66, 84] . Some of these sensors can be used for measuring the distribution of cavitation events in the chamber by moving the sensor in x-y-z direction, such as the ones manufactured by IMTEC ACCULINE (Fremont, CA, USA) and Sonosys Ultraschallsysteme GmbH (Neuenbürg, Germany), and others can directly measure distribution to some extent by comprising of a sensor array [7] or by utilizing a probe that is covered with a piezoelectric material, such as the one described by Zeqiri et al. [84] , where the probe is a hollow cylinder with the inside covered by a piezoelectric material which can detect acoustic emissions from the collapsing bubbles within the cylinder space.
Optimization: Multiphysics Models
Mapping acoustic pressure level, temperature and other process variables in the three-dimensional processing space is useful for optimization, but it is also a time-consuming task that may not be feasible to implement because the measurement devices may interfere with and disturb the process. Numerical (multiphysics) modeling, often also referred to as computational fluid dynamics, is a technique that has been applied for decades to evaluate, characterize and improve conventional food processing operations [40] . Multiphysics modeling allows for visualizing any (transient) process variable involved in the modeled scenario throughout the three-dimensional processing space.
In recent years, this technique was applied to some innovative food processing operations, such as high pressure [30, [37] [38] [39] , pulsed electric field [14] [15] [16] and lowfrequency ultrasound processing [78] . A previous study by Trujillo et al. [76] has reported on the use of multiphysics modeling to separate polymer particles from a continuous aqueous phase by applying megasonic frequency ramping between 1.5 and 2.5 MHz. Figure 6 shows the steps that are involved in solving this complex scenario. Figure 6a shows the predicted acoustic pressure distribution in a representative section in an acoustic separation setup. Figure 6b shows a magnified view of one wavelength, highlighting two pressure nodes to which the solid particles eventually move. Figure 6c , d indicates the acoustic radiation (also referred to as Gorkov's potential) and the acoustic radiation force, respectively. At the pressure nodes, where pressure amplitude is zero, the acoustic force is also zero as it passes from positive to negative values when moving from left to right. This is represented by the black arrows showing how the acoustic force pushes the particles toward the nodes. The accumulation of particles on two distinct bands can be seen in Fig. 6e .
Trujillo et al. [76] demonstrated the benefits of applying multiphysics models to megasonic separation applications for characterizing a megasonic processing chamber. The model was validated indicating that it may be useful for equipment scale-up and optimization, as well as large-scale equipment characterization and performance validation without the need of extensive time-consuming and expensive experimental studies.
Analytical Considerations to Determine Separation Effectiveness
A number of analytical methods can assist in assessing ultrasound separation system efficiency in terms of changes in density, IR absorption, light scattering, light transmission, change in sound speed or in particle size distribution. These methods can be used for selected streams in dairy, oil and cell separation processes. The accuracy of such methods is often a limitation since they often do not provide the accuracy needed to perform mass balances in combination with data from flow meters. In the dairy and oil industries, they generally rely on calibration curves determined against reference methods.
Density measurements indicate separation due to changes in concentration of solids in the dispersed phase (see Eq. 13). Density measurements can be performed in-line by, for example, an oscillating U-tube method. This method is particularly useful for milk fat standardization in combination with flow meters. A similar method can also be applicable for the characterization of the fruit pomace type materials in oil applications.
Solvent fat extraction analysis is the reference method for lipid quantification. Methods such as the Geber method and the Rose-Gottlieb (also referred to as Mojonnier) method are used for measurements in dairy streams, or Soxhlet type methods are used in oil extraction process streams [2] . The main disadvantage of these methods is that they are labor and time intensive.
There are also rapid methods used by the industry to measure lipid content on streams. For lipid content determination, the most common rapid methods include the inline density measurements performed by the oscillating U-tube method, and benchtop systems such as the Lactoscope, based on Fourier transformed infrared (FTIR) measurements, near-infrared (NIR) measurements and the Lactoscan, based on acoustic measurements. Some of these rapid methods (e.g., NIR) can be adapted for in-line process monitoring. Additional methods to analyze separation in emulsions systems have been used such as the accumulated volume of the separated phase. However, rapid methods such as density, NIR, FTIR and acoustic measurements rely on calibration curves against the reference methods mentioned earlier. These methods are also limited by the maximum fat content in the stream. Each industry has its own calibration curves against standard solvent extraction methods. Further compositional information such as protein, total and nonfat solids, lactose, among other parameters, can also be provided.
In applications such as fermentation systems or algal cell production, cell enumeration can be employed to assess separation efficiency. On streams containing algal cells, yeasts, bacteria or virus particles, a Coulter counter can be used as a cytometer system based on electrical impedance. These devices can be portable and easily implemented in-line.
The characterization of agglomeration or coalescence phenomena resulting from exposure to standing wave fields is evaluated by light scattering methods that provide particle size distribution data. Examples include the Malvern Mastersizer and CILAS particle size analyzers.
Some measurement methods are less suitable for samples where the fractionated particles are more prone to aggregation, such as Coulter counter and light scattering. However, software solutions can be used to address this issue in some cases.
Megasonic Reactors for Various Applications
This section includes designs established to date at various scales. The most prominent example is the continuously operating separation reactor implemented in a high-tech palm oil mill, where the ex-screw press feed is treated for increased palm oil recovery. Other examples are the Fig. 6 Qualitative overview of the different terms contributing to the separation of particles at a fixed frequency of 1.54 MHz (blue color indicating a minimum and red a maximum; arrows show the force vector of the acoustic radiation force; T = Transducer, P = PMMA) (for interpretation of the references to color in this figure legend, the reader is referred to the web version of this article [76] ) (Color figure online)
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Applications of Ultrasound for Palm Oil Separation
The feasibility of the application of megasonics in the separation of palm oil has been reported by Juliano et al. [31, 32] and Augustin et al. [4] . The success of utilizing megasonics to improve oil recovery from the material obtained from pressed oil palm fruit mesocarp is not only due to the ''concentrating'' effect caused by acoustic standing waves but also because the applied sound pressure generates physical ''rubbing'' motions on the plant material, which assists in the extraction of oil from the vegetal matter. Sound treatment does not only enhance the total recoverable oil as a result of enhanced extraction, but also enable achieving faster oiling-off by greater buoyancy force in coalesced oil material. There are a number of points of intervention in the crude palm oil extraction process, which were considered (Fig. 7) . It has been established that megasonic reactors can be more effective in decreasing oil losses into the effluent sludge if the sound is applied in the ex-screw press feed prior to the clarification tank.
The ultrasound reactor (see Fig. 8 ) has been further adjusted from pilot scale operation to continuous operation up to 45 t per hour by taking into account the following design considerations during the scale-up:
• Vertical configuration with inlet and outlet enables receiving material from the screw press and delivers preconditioned material into a vertical clarification tank • Transducers with sufficiently high-power output • Mid-range-frequency ultrasound (*600 kHz), to allow for large transducer-reflector distance • Reduced number of transducers, to reduce capital cost • Transmission plate cooling system, to avoid hightemperature fluid contact at transducer surface • In-line control of temperatures and water flow in transmission plates • Level switch, to avoid transducer operation while reactor is empty • Air-conditioning system in generator cabinet, to protect electronics from high temperatures and humidity in the plant environment
The use of this technology will change the design of future palm oil plants where the environmental footprint can be reduced by decreasing the volumes utilized in the vertical clarification tanks, the amount of decanter centrifuges and the oil loss into effluents.
Retort
Fresh fruit bunches
Enhanced Creaming of Milk Fat Globules
Milk fat is separated from whole milk for the production of dairy products such as butter, cheese, yoghurt and skim milk. Industrial separation is commonly carried out with centrifuges, although some cheese makers continue to employ ''traditional'' separation via natural creaming, which relies on buoyancy forces [21] . Megasonic separation has been recognized as a technology that enhances the separation rate of fat from milk by ''natural'' methods [46] .
As mentioned in ''Megasonic Separation Principles'' section, ''banding'' of the fat globules at the pressure antinodes occurs when milk is positioned within a standing wave field. This was observed by Miles et al. [55] in a small cuvette container. This banding leads to milk fat globules collecting and concentrating at the pressure antinodes, which enhances the rate of agglomeration and coalescence of milk fat into large floccules and droplets. These agglomerates or droplets rise more rapidly to the surface due to the increased hydrodynamic radius as described by Stokes' Law [42] .
A first-approach scale-up (up to 6 L volume) in a batch system, with future potential for industrial application, has been demonstrated by Juliano et al. [33] using a recombined milk emulsion and Leong et al. [46, 48] using natural whole milk. Juliano et al. [33] demonstrated the influence of frequency and various configurations and alignment of transducers inside a batch vessel for separation of a recombined milk emulsion (see Fig. 9 ).
For a recombined milk emulsion, rapid separation was achieved using ultrasound at an operating frequency of 400 kHz in a vessel with a transducer-to-reflector distance between *18 and 20 cm. At these distances, a frequency of 1 MHz was less effective than 400 kHz, and a frequency of 2 MHz less effective than 1 MHz. Notably, a horizontal alignment (Fig. 9b) was not successful in achieving separation, due to the applied ultrasound disturbing the surface of the milk in the container (the airliquid surface was the reflector in this situation). The applied ultrasound can also cause acoustic streaming motion in the direction of the fat creaming that may cause recirculation of separated cream in the container. The use of dual transducers either in parallel (Fig. 9c) or perpendicular (Fig. 9d) achieved more rapid separation due to a higher energy density introduced into the system, compared with using a single transducer.
The parameters found to achieve rapid separation of a recombined milk emulsion, however, were not successful in separating fat globules in raw whole milk within the same vessel [71] . The reason is due to natural whole milk having different properties, namely particle size distribution and surface composition, compared to a recombined milk emulsion.
Instead, Leong et al. [46] have shown that higher-frequency ultrasound, in this case [1 MHz, is required to manipulate the smaller-sized fat globules present in natural whole milk. Furthermore, a shorter transducer-reflector separation distance (between 30 and 85 mm) was shown to be more suitable for separation, as it reduced the attenuation of the higher-frequency ultrasound. Dual transducers in a parallel arrangement (Fig. 9c) were found to influence more rapid skimming of fat due to higher energy density. Placement of the dual transducers in a perpendicular alignment (Fig. 9d) would not be suitable (in this case) since the length of the transducers restricts the minimum transducer-reflector (refer to earlier section where this limitation of perpendicular arrangement is explained) distance to be [100 mm which was found to be too large to achieve effective separation using megasonic frequencies [1 MHz.
Leong et al. [46] has also shown that at selected operating temperatures, the rate of milk fat separation is dramatically enhanced, with the application of 1 MHz ultrasound for 5 min (see Fig. 10 ). In this case, an initial temperature of 25°C enabled more rapid separation compared to 5 and 40°C. The design considerations to be made to enable successful separation of fat from natural whole milk are hence: 
Microbial Cell and Algal Cell Separation Reactor
Megasonic separation could be used (also at industrial scale) to separate the algal cells from water [11, 12] , which have various applications in the food industry including the production of algal oil. Bosma et al. [11] applied 2.1 MHz to algae flowing continuously through a small volume and achieved a separation efficiency of over 90 %, albeit at low flow rates of only 4-6 L/day (Fig. 11) .
Design considerations for the separation of algal cells include:
• Vertical configuration of transducer • Transducer with sufficiently high frequency to manipulate small microbial cells • Small flow chamber gap to minimize attenuation • Optimal flow rate to prevent ''washout'' of separation • Algae collection point (bottom of reactor)
Yeasts and Other Fermentation Products (e.g., Beer and Wine industry)
Megasonic separation provides an alternative cell retention system for fermentation and cell culturing applications [23] . Studies have shown that selective retention of viable versus non-viable cells is possible [74] reducing the need to ''bleed-out'' product during operation. Such systems are commercially available with the development of BioSep TM (see Fig. 12 ) and could be readily implemented into food applications such as fermentation tanks in the beer and wine industry.
Such units are available from throughputs as small as 10 up to 200 L/day. Gorenflo et al. [23] found that these types Fig. 10 Percentage change in fat concentration relative to initial sample (fat concentration *3.5 w/v) after 5 min without ultrasound processing (control) and with ultrasound processing using 1 MHz frequency for a top and b bottom samples from Leong et al. [46, 48] . Error bars are the standard error of a minimum of four replicated trials Fig. 11 Resonator chamber used to separate algal cells from suspension from Bosma et al. [11] of systems performed reliably and achieved separation efficiencies between dead and viable cells of [95 %. Typical operation employs a stop time of 9 s (for run time of 120 s) to facilitate the removal of cells out of the acoustically active region. The advantage of ultrasound separation in such applications is that it is relatively simple and offers nearly maintenance free operation by reducing the need to periodically bleed out product. It should be noted the 20-fold scale-up from 10 L/day perfusion rates was based on using four parallel compartments in one separator with a single controller. However, to be successful in the food industry and to accommodate the large throughputs required in beer and wine processing, scale-up to several tons per day is essential. For achieving these higher flow rates, a further scale-out of the process by using several 200 L/day reactors is recommended, since increasing the size of the separation chamber or flow rate through the chamber may reduce the overall efficiency of the system. Alternatively, different design configuration, including adjustments of the process conditions, may offer reasonable performance without the requirement of simple numbering up, which may be cost-prohibitive due to the high capital costs of not only the megasonic transducers but also the reaction chambers themselves.
Design considerations for such systems are thus:
• Vertical configuration of transducers • Transducers with sufficiently high frequency to manipulate small cells and to avoid damage to cell viability
• Scale-out achieved using parallel compartments/units • Optimal flow rates to ensure high efficiency of separation • Periodic stopping (automated) during operation to facilitate removal of cells from active region
Other Applications
Further potential designs can be established for a number of other applications such as effluent treatments, separation of starch suspensions and water recycling. These reactors will have similar design considerations to the above-mentioned applications. The scale of the process will determine the required throughputs. The appropriate megasonic frequency used will be governed by the material to be separated and its properties such as particle size, density and compressibility. This in turn determines the suitable geometries that can be designed for the separation reactor. To achieve the required throughputs, ''scale-up'' may be achievable if lower frequencies (\600 kHz) are used, whereas ''scale-out'' by using many parallel units may be necessary to maintain separation effectiveness in the process should a high frequency be required. Understanding these principles will ensure that a successful design is realized.
Final Remarks
This review intended to cover the design aspects to be considered when building a megasonic reactor for the separation of food materials. The key considerations include the selection, positioning and alignment of transducers within a reactor; the reactor construction materials; and additional features to adapt the reactor into existing process lines. The process conditions (temperature, flow rate and throughput) will determine the specific geometry of the reactor, and these aspects are specific for different food applications. The successful design of these reactors will require careful characterization of temperature and sound field, as well as the resulting separation effectiveness. Even though there are few reactors currently operating at industrial scale, there is large potential for growth of this technology into the food industry as a separation-enhancing tool to increase process efficiencies and production.
